Introduction
In plant cells, microtubules (MTs) appear in a variety of highly ordered arrays; cortical array, preprophase band, mitotic spindle, and phragmoplast (Lloyd 1987 , Lambert 1993 , Cyr and Palevitz 1995 . Cortical MTs, characteristic of interphase cells, are thought to be involved in controlling the direction of cell expansion by modifying the orientation of cellulose microfibrils in the cell wall (Giddings and Staehelin 1991 , Cyr 1994 , Green 1994 . It is becoming evident that the orientation of cortical MTs is regulated by various factors, including plant hormones (Shibaoka 1991) , light irradiation (Iwata and Hogetsu 1989 , Laskowski 1990 , Zandomeni and Schopfer 1993 , and mechanical forces (Williamson 1990 , Williamson 1991 . However, the molecular mechanism controlling the organization of cortical MTs has not yet been elucidated.
Microtubule-associated proteins (MAPs) are involved in the regulation of MT organization in animal cells (Maccioni and Cambiazo 1995, Mandelkow and Mandelkow 1995) . A similar situation is also expected in plant cells. Using tobacco cultured cell line BY-2, Jiang and Sonobe (1993) succeeded in isolating a microtubule-associated protein (MAP) that was a 65 kDa polypeptide referred to as 65 kDa MAP. This MAP induced bundling of MTs by forming cross-bridges between adjacent MTs in vitro. Analysis using a polyclonal antibody revealed that this MAP colocalized with MTs throughout the cell cycle in tobacco cultured cells. It was therefore suggested that this 65 kDa MAP is a candidate for controlling MT organization in plant cells (Jiang and Sonobe 1993) .
To investigate the physiological role of the 65 kDa MAP in situ, we analyzed the changes in its content and localization in relationship to elongation growth using the azuki bean epicotyl, in which elongation growth has been extensively studied (Kaneta et al. 1993 , Mizuno 1994 , Mayumi and Shibaoka 1995 .
Materials and Methods

Plant materials
Seeds of azuki beans (Vigna angularis Ohwi et Ohashi cv.) were sown in a plastic tray filled with moistened vermiculite, and seedlings were grown under fluorescent lamps (16 h light/8 h dark, 60 mE m -2 s -1 ) at 25°C.
Treatment
Three 15 mm segments were obtained from either 6 or 12 d seedlings: apical (0 and 15 mm below the node of the first leaves), intermediate (15 and 30 mm), and basal (30 and 45 mm). The average length of the epicotyl of a 6 d seedling was 37±3 mm (mean ± SE). To obtain three segments of 15 mm from one plant, 6 d seedlings having epicoty-ls longer than 45 mm were selected.
Ten segments were floated on 5 ml of basal medium (10 mM potassium phosphate buffer, pH 6.8, 2% sucrose) supplemented with or without plant hormones, 10 -4 M IAA or 10 -4 M IAA plus 10 -4 M GA 3 , (Wako Pure Chemicals Industries, Ltd., Osaka, Japan) in the light at 25°C for 18 h.
Immunofluoresence microscopy
The orientation of cortical MTs in epidermal cells was analyzed by immunofluoresence microscopy according to the method of Takesue and Shibaoka (1998) with slight modifications. The middle 5 mm portions were removed from each segment and fixed with 3.7% formaldehyde in 50 mM potassium phosphate buffer (pH 7.3) supplemented with 0.2% Nonidet P-40 and 10% dimethylsulfoxide at room temperature for 2 h or at 4°C overnight. Longitudinal sections with thicknesses of about 50 mm were prepared from the segments with a microslicer (DTK-1000, Dosaka EM, Japan). After washing with PBS, sections were incubated in PBS supplemented with 1% Triton X-100 for 30 min. The sections were then treated with a mouse monoclonal antibody against chick brain a-tubulin (Amersham, Buckinghamshire, U.K.; diluted to 1 : 500 with PBS) at room temperature for 1 h. Subsequently, they were treated with an FITC-conjugated goat antibody against mouse IgG (American Qualex, CA, U.S.A.; diluted to 1 : 50 with PBS) for 1 h. The sections were washed with PBS and mounted on a slide glass with a mixture of PBS and glycerol (1 : 1, v/v). Then they were observed with a fluorescence microscope (BX 60, Olympus, Tokyo, Japan). Photographs were taken on Kodak T-MAX 400 film. Double immunofluorescence staining of MTs and 65 kDa MAP was carried out using segments of epicotyl prepared by rapid freezing and freeze substitution according to the method of Roberts et al. (1988) with slight modifications. The middle 5 mm portions of each segment were plunged into liquid propane and transferred to 100% methanol at -85°C for 72 h. They were slowly warmed up to -15°C for 4 h and then at room temperature for 2-3 h. They were rehydrated in a graded methanol/PHEM buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA and 2 mM MgCl 2 , pH 7.0) series and kept in 100% PHEM buffer. They were digested in a enzyme solution (pH 5.5) containing 4% Sumizyme C and 1% Sumizyme AP-2 (Shin-Nihon Kagaku Industries. Ltd., Anjo, Japan). After twice washing with PHEM buffer, longitudinal sections about 50 mm thick were obtained from the segments with a microslicer. The sections were washed twice with PHEM buffer and incubated in the same buffer supplemented with 1% Triton X-100 for 30 min. Then they were incubated with a mixture of a rabbit polyclonal antibody against 65 kDa MAP (diluted to 1 : 50 with PBS) and a mouse monoclonal antibody against chick brain a-tubulin (diluted to 1 : 500 with PBS, Fig. 7 ) overnight at 4°C.
In another series of experiments, mouse monoclonal antibody (Ab-1) against chick brain a-tubulin was used (Oncogene Research Products, Cambridge, U.K.; diluted to 1 : 500 with PBS, Fig. 8 ). Sections treated with primary antibodies were incubated in the mixture of secondary antibodies, Alexa TM 594-conjugated goat antibody against rabbit IgG and Alexa TM 488-conjugated goat antibody against mouse IgG (Molecular Probes, Oregon, U.S.A.), for 1 h at room temperature.
Orientation of cortical MTs
The orientation of cortical MTs facing the outer tangential wall of each epidermal cell was determined from the photomicrographs. In the majority of cells, the orientation of cortical MTs on the outer tangential wall was uniform. Therefore, we recorded the orientation of cortical MTs in each cell on an "one cell-one orientation" basis and 
Electrophoresis and immunoblotting
Epicotyl segments 15 mm long (0.2 g FW) were rinsed in distilled water and were frozen in liquid nitrogen. They were ground with mortar and pestle, and 10% trichloroacetic acid was added to the frozen powder. The sample was centrifuged at 10,000´g for 5 min, and the subsequent pellet was extensively washed with 80% acetone supplemented with 25 mM Tris-HCl (pH 6.8). The pellet was suspended with a buffer containing 40 mM Tris-HCl (pH 6.8), 2% SDS, and 2% 2-mercaptoethanol, and boiled for 3 min to extract polypeptides. Polypeptides were analyzed by sodium SDS-PAGE according to the method of Laemmli (1970) .
For immunoblotting, polypeptides in gels were transferred electrophoretically to PVDF membrane (Bio-Rad Lab., Richmond, CA, U.S.A.). To detect the 65 kDa MAP, membranes were incubated with a mouse monoclonal antibody against the 65 kDa MAP (diluted 1:500). To detect tubulin, membranes were incubated with either a mouse monoclonal antibody against chick brain a-tubulin ( Figure 1 shows the elongation of the azuki bean epicotyl. The length of the epicotyl reached 37 mm on average at 6 d af- Elongation of epicotyl segments isolated from 6 d seedlings was studied (Fig. 2a) . All apical, intermediate, and basal segments elongated to some extent in the basal medium without the addition of hormones. The elongation rate was highest in the apical segments and lowest in the basal ones. Upon addition of 10 -4 M IAA, the elongation rate was significantly increased in all segments. The promotive effect of IAA was greatest in the intermediate segments. The cooperative effect of GA 3 with IAA was clear; GA 3 induced an additional elongation in both apical and intermediate segments. In basal segments, however, GA 3 did not induce any additional elongation in the presence of IAA.
Results
Elongation of epicotyl segments
Comparable experiments were also carried out with epicotyl segments isolated from 12 d seedlings (Fig. 2b) . The elongation rate of apical segments from 12 d seedlings in the basal medium was similar to that from 6 d seedlings and was significantly accelerated by treatment with IAA or IAA+ GA 3 . In intermediate and basal segments, however, the elongation rate in the basal medium was very low and was not accelerated by hormones.
Orientation of cortical MTs
The orientation of cortical MTs of epidermal cells was analyzed by immunofluorescence microscopy. Four types of cells, T, O, L, and R, were observed in all segments (Fig. 3) . Howev- er, the ratio of these cells varied by segment type (Fig. 4) . In apical, intermediate, and basal segments of 6 d seedlings and in apical segments of 12 d seedlings, three types of cells, T, O, and L, were observed at the similar ratio, 25-40% (Fig. 4) . However, in intermediate and basal segments of non-growing 12 d epicotyls, cells with a transverse orientation of cortical MTs were rare; most cells had obliquely and longitudinally orientated cortical MTs (Fig. 4) . Thus, the orientation of cortical MT correlated well with the elongation rate of the segments. This has been also reported in coleoptiles and mesocotyls of Avena, epicotyl of Pisum Hogetsu 1988, Iwata and Hogetsu 1989) , and internode of deep water rice (Sauter et al. 1993) .
Analysis of 65 kDa MAP in segments
To examine the extent of 65 kDa MAP expression, immunoblot analyses were carried out on the crude extract obtained from segments. The content of 65 kDa MAP appeared to be comparable among the three kinds of segments in 6 d seedlings (Fig. 5a ). In 12 d seedlings, however, the MAP content was significantly lower in the intermediate and basal segments, although the content of tubulin was similar in all segments (Fig. 5b) . Figure 6 shows a semi-quantitative analysis of these results by densitometry. The results also indicated that the content of the 65 kDa MAP was similar among three kinds of segments in 6 d seedlings. It was evident that the amounts of 65 kDa MAP in the intermediate and basal segments were significantly lower than that of apical segments in 12 d seedlings, although the content of tubulin was similar in all segments. It seemed that the content of the 65 kDa MAP correlated well with the growth activity of these segments. Figure 7 shows immunofluorescence micrographs revealing colocalization of 65 kDa MAP with cortical MTs of epidermal cells in three typical segments, a basal segment of the 6 d seedling growing rapidly, an apical segment of the 12 d seedling growing rapidly, and a basal segment of the 12 d seedling showing no growth. In both the basal segment of the 6 d seedling (Fig. 7a, b) and the apical segment of the 12 d seedling (Fig. 7c, d , e, f), 65 kDa MAP showed colocalization with (Fig. 7g, h ). Weak colocalization was only observed in one among 40 cells examined. These results agree well with those of immunoblot analysis. Figure 8 shows immunofluorescence micrographs revealing colocalization of 65 kDa MAP with cortical MTs in cortex cells of three typical segments, a basal segment of the 6 d seedling growing rapidly, an apical segment of the 12 d seedling growing rapidly, and a basal segment of the 12 d seedling showing no growth. In the basal segment of a 6 d seedling (Fig.  8a, b) and the apical segment of a 12 d seedling (Fig. 8c, d ), 65 kDa MAP showed colocalization with cortical MTs. Colocalization was observed in 16 among 25 cells examined in basal segments of 6 d seedlings and in 27 among 28 cells in apical segments of 12 d seedlings. On the other hand, staining by the antibody for 65 kDa MAP was sparse in most cells in basal segments of 12 d seedlings (Fig. 8e, f) . Weak colocalization was only observed in one cell among 18 cells examined. Thus, similar results were obtained in both epidermal and cortex cells with respect to colocalization of 65 kDa MAP with cortical MTs.
Effect of hormones
To examine the effect of plant hormones on the amount of the 65 kDa MAP in the segments, we performed an immunoblot analysis on the segments after hormone treatment for 18 h (Fig. 9, 10) . In apical segments of 6 d seedlings, neither addition of IAA nor IAA + GA 3 affected the amount of MAP (Fig.  9a, 10a) . Similar results were also obtained with the basal segment of 12 d seedlings. No significant increase in the amount of the 65 kDa MAP was induced by the hormones (Fig. 9b,  10b) .
We analyzed the orientation of MTs after incubation in the absence or presence of plant hormones for 18 h (Fig. 11) . When apical segments of 6 d seedlings were incubated in the basal medium without hormone, the number of cells with transverse orientation of cortical MTs increased (Fig. 11a, b) . Almost the same tendency was observed in the presence of IAA or IAA + GA 3 (Fig. 11c, d ). In the basal segments of 12 d seedlings, however, the orientation of cortical MTs was not affected by incubation in the absence or presence of hormones; cells showing cortical MTs in a longitudinal orientation remained dominant (Fig. 11e-h ).
Discussion
The present study using epicotyl segments of azuki bean was aimed at analyzing the possible involvement of the 65 kDa MAP in elongation growth. All segments prepared from 6 d seedlings and apical segments from 12 d seedlings showed elongation in the basal medium. This elongation was significantly promoted in these segments after treatment with IAA or IAA + GA 3 . On the other hand, intermediate and basal segments of 12 d seedlings showed little elongation in the basal medium, and it was not promoted by these hormones (Fig. 2) . The amount of the 65 kDa MAP showed good parallelism with the growth activity of segments. In 6 d seedlings, in which all segments showed high growth activity, the content of the 65 kDa MAP was similar among the three kinds of segments. In 12 d seedlings, however, the amount of the 65 kDa MAP differed greatly among segments. There was a good correlation with growth activity; the higher content appeared in the apical segment showing higher growth activity, and the lower amount was seen in the basal segment showing lower growth activity (Fig. 5, 6 ). These results suggested involvement of the 65 kDa MAP in the reorientation of cortical MTs in relation to control of elongation growth of epicotyl, although further analysis is needed.
It is generally accepted that the elongation of plant cells is intimately correlated with the orientation of cellulose microfibrils, which is controlled by cortical MTs (Giddings and Staehelin 1991 , Cyr 1994 , Green 1994 . Analysis of cortical MTs in In segments showing high growth activity, however, not only transverse and oblique cortical MTs but also longitudinal ones were also observed. Recently, the cyclic reorientation of cortical MTs has been reported in epidermal cells of azuki epicotyls Shibaoka 1996, Takesue and Shibaoka 1998) . The presence of all types of cortical MTs would reflect this cyclic reorientation.
If the 65 kDa MAP is really concerned with the regulation of cortical MT alignment, colocalization of this MAP with cortical MTs is expected. In accordance with this postulation, Figure 7a -f (epidermal cells) and Figure 8a -d (cortex cells) showed colocalization of the 65 kDa MAP with cortical MTs in the segments which showed high growth activity. Colocalization of this MAP with cortical MTs has also been reported in cultured tobacco cells (Jiang and Sonobe 1993) . This is the first report of colocalization of the 65 kDa MAP with cortical MTs in intact plants. Immunostaining in Figures 7 and 8 tion of cortical MTs, but indispensable in the regulation of their alignment. Since colocalization of other MAPs with cortical MTs has also been reported (Nick et al. 1995) , it is suggested that MAPs other than this 65 kDa MAP may be responsible for the construction per se of cortical MTs.
When segments of 6 d seedlings were incubated in the presence or absence of hormones, the arrangement of cortical MTs significantly changed to the transverse array, which favors the elongation growth of cells ( Fig. 11a-d) . On the other hand, the organization of MTs did not change after incubation in the presence or absence of hormones; cells of longitudinal array remained dominant (Fig. 11e-h ). No significant change in the content of the 65 kDa MAP was not observed in either apical segments of 6 d seedlings (Fig. 10a) or basal segments of 12 d seedlings (Fig. 10b ) upon treatment with IAA or IAA + http://pcp.oxfordjournals.org/ GA 3 . It is suggested that the saturable amount of 65 kDa MAP for supporting stem elongation was already present in the growth competent segments. Stimulation of stem elongation by hormone treatment might be caused by factors other than cortical MTs (orientation of cellulose microfibrils), such as cell wall matrix or turgor.
In the present study, intimate parallelism was observed between the content of the 65 kDa MAP and the elongation competence of segments. It is becoming evident that cortical MTs play a central role in the regulation of elongation growth of plant cells. Accumulating data indicate that the orientation of cortical MTs is regulated by external stimuli and plant hormones (Shibaoka 1994) , but the molecular mechanism of change of cortical MT orientation remains unsolved. The 65 kDa MAP is one candidate as a factor involved in controlling cortical MT orientation in plant cells. Although it has been reported that the 65 kDa MAP bundled MTs in vitro (Jiang and Sonobe 1993) , its physiological function had not yet been elucidated. The present study is the first suggesting the possible involvement of the 65 kDa MAP in the regulation of cell elongation. a, 81; b, 103; c, 99; d, 111; e, 91; f, 107; g, 102; h, 109. 
